Systematic methods for the optimization of chemical mechanical planarization ͑CMP͒ from the viewpoint of consumable effects are discussed. Two methods, one, the precision control and design of the pad topography, and the second, the precision control and design of the abrasive size distribution are proposed to optimize the material removal rate and nonuniformity in CMP based on a material removal model. © 2003 The Electrochemical Society. ͓DOI: 10.1149/1.1623771͔ All rights reserved. With continued reduction of the minimum feature size to subquarter micrometers in integrated circuits ͑ICs͒, there are higher demands for chemical mechanical planarization ͑CMP͒ for achieving a planar surface in various applications of IC fabrication including interlayer dielectrics ͑ILD͒, shallow trench isolation ͑STI͒, tungsten plug, and copper damascene processes. The consumable parameters, from the slurry chemicals, including the oxidizer concentration, slurry pH value, and slurry buffering agents, to the slurry abrasives, including the abrasive materials, size and size distribution, and the pad parameters, including the pad materials and topography, play important roles in the material removal in CMP. The optimization of CMP, in a large degree, depends on the optimization of the consumable parameters. In the past, optimization was usually based on methods of trial and error. In this paper, we propose a systematic method for the optimization of CMP, specially the material removal rate (M RR) and nonuniformity (NU) using a proposed material removal model. 1-3 Two methods, including precise control and design of the polishing pad topography and abrasive size and distribution are proposed to optimize the process.
With continued reduction of the minimum feature size to subquarter micrometers in integrated circuits ͑ICs͒, there are higher demands for chemical mechanical planarization ͑CMP͒ for achieving a planar surface in various applications of IC fabrication including interlayer dielectrics ͑ILD͒, shallow trench isolation ͑STI͒, tungsten plug, and copper damascene processes. The consumable parameters, from the slurry chemicals, including the oxidizer concentration, slurry pH value, and slurry buffering agents, to the slurry abrasives, including the abrasive materials, size and size distribution, and the pad parameters, including the pad materials and topography, play important roles in the material removal in CMP. The optimization of CMP, in a large degree, depends on the optimization of the consumable parameters. In the past, optimization was usually based on methods of trial and error. In this paper, we propose a systematic method for the optimization of CMP, specially the material removal rate (M RR) and nonuniformity (NU) using a proposed material removal model. [1] [2] [3] Two methods, including precise control and design of the polishing pad topography and abrasive size and distribution are proposed to optimize the process.
CMP Material Removal Model
Recently, a roadmap for CMP modeling was discussed in the VLSI Multilevel Interconnection Conference ͑VMIC͒ and CMP user group meeting. 4 From the viewpoint of industry, CMP modeling should satisfy the following requirements: ͑i͒ reliability to be used as verification of the process; (ii) ability to give feedback for what-if scenarios ͑predicting polishability of new mask designs͒ in lieu of time-consuming design of experiment ͑DOE͒ tests; (iii) performance prediction for realistic, heterogeneous pattern effects; (iv) prediction on not only wafer scale phenomena but also feature/chip scale interaction; (v) integration of multiscale ͑wafer-, die-, featurelevel͒ interactions for global CMP modeling for usefulness; (vi) linkage of models to upstream ͑deposition, etc.͒ and downstream ͑lithography, etc.͒ processes; (vii) ability to address defectivity, and (viii) ability to address new materials, consumables ͑pad, slurry, etc.͒, modeling, and characterization. To satisfy these requirements, a fundamental understanding of the material removal mechanism in CMP, especially the roles played by the consumable parameters and their interactions is critical.
Microscopic observations of polished surfaces have shown that material removal in CMP occurs as a consequence of a combination of chemical reaction of the slurry chemicals with the wafer surface materials and the repeated sliding, rolling, or indentation of the abrasive particles against the wafer surface affected by chemical reaction. To optimize the CMP process, an important issue is to understand the roles of the consumable parameters and how they interact. For this purpose, a comprehensive material removal model has been proposed by In this section, we discuss the framework of this comprehensive model and its possible extension to an integrated model. 5 Material removal rate formulation as a function of abrasive size distribution, wafer-pad contact area, down pressure, velocity, chemical effects, and other parameters, and experimental evidence supporting this formulation are presented.
The comprehensive material removal model for CMP can be separated into three parts, mechanical model, chemical model, and mechanical-chemical interaction model. For passivation-type CMP, Kaufman et al. 6 proposed that the chemical action of the slurry is responsible for continuously oxidizing the metal surface to form a thin passive layer ͑usually several to 10 nm͒ which is immediately removed by the action of the slurry abrasives. The fresh metal surface exposed due to the abrasion is then rapidly repassivated and removed. This process of passivation-abrasion-repassivation continues until the desired metal thickness is realized. Based on this idea, a mechanical removal model and a chemical model can be independently developed for CMP, with the mechanical model considering only the mechanical removal of the passivation layer, and the chemical model considering only the passivation of this layer. A chemicalmechanical interaction model is then developed to link the chemical effect to the mechanical properties of the passivation layer, and the mechanical elements to the passivation rate. Figure 1 shows this idea schematically. In the following sections, we discuss the framework of the above three models. A more detailed framework of the above three models can be found in Fig. A-1 in the Appendix.
Mechanical removal model.-The five most important mechanical elements in CMP material removal are the wafer material, polishing slurry abrasives, polishing pad, down pressure P 0 , and relative velocity V. Figure 2 schematically shows their interactions. 1 The basic idea in Fig. 2 can be described as follows. The slurry is delivered into the wafer and pad interface, with slurry chemicals reacting with the wafer materials and forming a passive layer over the wafer surface. The pad surface is rough and therefore only part of the pad asperities are in direct contact with the wafer. ͑Some have proposed that a slurry fluid film with thickness of several micrometers may separate the wafer and polishing pad completely at small down pressures and large relative velocities. This situation probably exists and may be modeled as in Ref. 7 . However, it is not preferred, because both high and low features on the wafer surface will be removed with the same/similar rates and therefore no/slow planarization can be realized. Therefore, this case is not considered in the current model.͒ Part of the slurry abrasives captured by the wafer-pad contact area are involved in the two-body abrasion process, and called active abrasives. The active abrasives are indented into the wafer passive layer and plastically remove the layer. The number of these active abrasives times the material removed by a single abrasive per unit time is equal to the total mechanical material removal rate.
There are three submodels ͑see Fig. A-1 in the Appendix͒ developed in the mechanical removal model to consider the interactions among wafer, pad, and slurry abrasives. The first is to account for z E-mail: dornfeld@me.berkeley.edu the interaction between the wafer and polishing pad. One role of the soft pad with a rough surface is to provide support against the wafer surface, allowing the wafer surface to experience the impact from the slurry abrasives. To account for this, a contact mechanics model is applied by Luo and Dornfeld 1 to calculate the contact pressure between the wafer and pad as a function of pad topography and pad materials, Fig. 2 . The force F applied on each single abrasive captured on the wafer-pad contact area is a function of abrasive size and contact pressure. 1 The second role of a polishing pad is to carry slurry abrasives. This is accounted for in the second submodel, an abrasive-pad interaction model. The essential output of this submodel is the number n of active abrasives and their average size. 2 This interaction affects the nature of the down pressure dependence of the material removal rate and important outputs including the nonuniformity, to be detailed later, and deserves to be more fully discussed. First, it is proposed that the active abrasives involved in the two-body abrasion will locate on the contact area only, Fig.  3b -e. 2 When there is no abrasive, the wafer and pad contact area A is a function of the wafer-pad topography and wafer-pad materials, as modeled by the first wafer-pad contact model. Since the nanoscale active abrasives are much smaller than the microscale features of the pad topography and the pad surface is quite soft, the final effective contact area A and contact pressure P in the situations where abrasives are embedded into the contact area, should be approximately equal to those without abrasives, Fig. 3e . The trend of this contact, which makes the effective contact area between the wafer and pad as close as possible to that without abrasives, is called stable contact.
There are four stages, Fig. 3b -e, from the point that the wafer begins to contact the pad and abrasives to where the final stable contact is realized. When there is no down pressure applied on the wafer top surface, the abrasives will disperse on the pad contact area randomly, Fig. 3b . The number of abrasives located on the contact area is proportional to the abrasive weight concentration in the slurry. The wafer and pad are separated by abrasives, and the gap g between them is equal to the size of the largest abrasives, Fig. 3b . Once down pressure is applied on the wafer top surface, the wafer will initially be supported by abrasives only, Fig. 3c . The effective contact area is approximately equal to 0.25 x avg 2 n, where n is the number of abrasives and x avg is the average size of abrasives. The forces applied on each single abrasive are quite large, and all the abrasives are embedded deeply into the pad. A very small gap is formed between the pad and wafer, Fig. 3c , which is a function of the pad hardness and force applied on the abrasives. The trend for wafer and pad to contact directly will push the abrasives to agglomerate. In this stage, some part of the contact area is due to the direct contact between the wafer and pad, while another part of the contact area is occupied by abrasives with closer relative locations, Fig. 3d . The effective contact area, equal to the direct contact area between- occupied by the abrasives, where x avg-a is the average size of abrasives left on the waferpad contact area, becomes closer to that without abrasives, Fig. 3d . The force applied on each single abrasive becomes smaller and therefore the gap g between the wafer and pad becomes larger. Abrasives smaller than this gap g are pushed off the contact area, indicating that the number n of abrasives is decreasing.
The process with the direct contact between wafer and pad increasing will continue until all the abrasives are finally packed closely, as shown in Fig. 3e . In this stage, the effective contact area, A 1 ϩ A 2 , between wafer and pad is approximately equal to that without abrasives. The direct contact area A 1 will not increase any more and a stable gap g is finally formed, Fig. 3e . This gap is a function of abrasive size, contact pressure, and pad materials. When the pad is softer or the contact pressure/force applied on the abrasive is larger, the gap g is smaller. The number of active abrasives and their size in Fig. 3e is a function of this gap and abrasive size distribution. If the abrasive size satisfies a normal distribution function ⌽, the number n of active abrasives in Fig. 3e can be written as n ϰ 1 Ϫ ⌽(g Ϫ x avg )/ where x avg is the average size of abrasives and the standard deviation of the size distribution. The size of the active abrasives is larger than x avg and is referred as x avg-a . As addressed later, this distribution function is important since it determines the sensitivity of material removal on down pressure and therefore influences the optimization of nonuniformity. For details on this model, the reader is referred to Ref.
2.
The third interaction is the interaction between the abrasives and wafer surface affected by the chemical reactions. Under contact pressure and force F, the abrasives captured by the wafer-pad contact will be indented into the wafer surface and remove material with relative velocity V. An indentation model, 1 Fig. 4 , can be applied to calculate the material removal Vol by a single abrasive, which is equal to the indentation depth ⌬ 1 times the radius a 1 of the projected circle of the indentation and the relative velocity V, Fig. 4 . This Vol is proportional to P 0 1/2 x avg-a 2 and inversely proportional to the wafer surface hardness. The abrasives are assumed to be a rigid body in the current model. In the future, the abrasive material and its chemical durability may be considered.
Chemical removal model.-The most important model of chemical effects to be developed should be the passivation model accounting for the interactions between the wafer surface and the slurry chemicals. The chemicals contribute to the material removal through the passivation rate of the wafer surface layer. When the passivation rate is larger, the material removal is larger in a region with sufficiently large material removal rate. 3 Chemicals also affect slurry stability and dissolution of removed material, but these are not considered here.
Various micrographic and microchemical examinations of passive films on many metals and alloys have shown that they form as bilayers, consisting of a compact, harder barrier layer underlying a porous, precipitated, hydrated, and softer upper layer, 8, 9 Fig. 5. Recently, X-ray photoelectron spectroscopy ͑XPS͒ analysis has demonstrated that in the slurry-modified copper surface a Cu͑OH͒ and CuO bilayer may exist. 10 The formation mechanism of the passive layer can be attributed to the diffusion of the metal cation and oxygen anions through the passive films and the generation and annihilation of vacancies ͑chemical reactions͒ at the metal/bottom film and upper film/bottom film interfaces. The growth rates of the bilayer on the metal surface including the upper and bottom layers, may be either diffusion-controlled when the films are thick or reactioncontrolled when the films are thin. This property of a bilayer structure with different microstructures and hardness has been observed in near-surface modification of the silica and silicon structure in CMP as well. 11, 12 Trogolo and Rajan 11 found in silica CMP the existence of a 2 nm surface layer. This surface layer has lower density than the bulk, below which the density increases to a value greater than the bulk, and gradually returns to the bulk density at a depth of 15-20 nm below the silica surface. Although Trogolo and Rajan 11 explain the formation of the bilayer structure in silica CMP from the viewpoint of material science, a similar diffusion and reaction mechanism as that in metal, however, may underlie this phenomenon. A detailed model of the dynamical film growth mechanism to account for the growth rate of the two layers is needed and is beyond the scope of this paper. In the current model, a parameter GR is simply introduced to represent the generation/growth rate of the upper and bottom layers. It may be a coupling function of slurry chemical and mechanical elements, as addressed in the mechanicalchemical interaction model.
The other chemical models needed include the dissolution model to account for the dissolution of the abraded materials. This may be addressed in a more comprehensive model in the future.
Mechanical-chemical interaction model.-Basically there are three types of interactions between the mechanical and chemical elements, ͑i͒ competition between the mechanical removal and passivation/generation of the surface layer, (ii) enhancement of mechanical elements on the passivation/modification of the wafer surface, (iii) change of surface layer mechanical/material properties, such as hardness, by chemical elements.
1. Due to the bilayer nature of the modified surface film, two regions of different materials removed with the increases of material removal rate are proposed as follows. When the material removal rate (M RR) is smaller than the growth rate GR 1 of the upper porous layer, the wafer surface is fully covered with the upper porous softer layer during polishing, and it is always this porous upper layer that is to be removed, as shown in Fig. 6a . The generation rate does not have any influence on the material removal rate. With the increase of the material removal rate, it will be equal to the generation rate GR 1 . Then the softer upper layer will be removed as soon as it is generated, as shown schematically in Fig. 6b . With an increase of the abrasive weight concentration, the M RR becomes larger than the generation rate GR 1 of the upper layer materials. Under this larger M RR, the upper layer material is generated more slowly than it is removed and part of the harder bottom layer is exposed. Therefore, instead of a single upper layer of materials, a layer of bimaterial composed of both the upper softer materials and the bottom harder materials on the wafer surface, Fig. 6c , will be continuously formed and removed. The ratio of the softer materials to the harder materials is determined by the ratio of GR 1 to M RR-GR 1 . The result of this competition between passivation and mechanical removal is that a transition may occur with the increase of the M RR. Before the transition, except for the upper layer hardness, no contribution of the chemistry to the mechanical material removal is assumed. After the transition, the chemical passivation rate contributes to the material removal. When the passivation rate is larger, the portion of the softer surface in Fig. 6c is larger and, then 
when the concentration of the oxidizer is small so that the overall material removal rate is larger than the growth/passivation rate, increasing oxidizer concentration will cause an increase of the material removal rate. The material removal will not increase any more when the growth/passivation rate is increased to a value larger than the overall material removal rate, leading to the material removal saturation; see Fig. 4a in Ref. 3 . For details on the model, the reader is referred to Ref. 3. 2. The surface layer hardness change due to the chemical reaction is accounted for in the current model by simply using two parameters, H w1 , the hardness of the upper softer layer and H w2 , the hardness of the bottom harder layer. A model may be developed in the future to account for the relationships between the chemical reaction and the surface layer hardness.
3. The generation rate is proposed to be enhanced by the indentation of the abrasives into the surface layer. The chemical reaction is more aggressive on the leading edge area of the abrasives indented into the surface layer, Fig. 6 . This is considered in the current model. 3 The other mechanical-chemical interaction models needed include chemical-pad interaction model and chemical-abrasive interaction model. The pad and abrasive properties, such as Young's modulus and hardness, may change with the chemicals. These issues need to be addressed in the future.
Material removal formulation as a function of down pressure, abrasive size distribution, wafer-pad contact area, and slurry chemicals.-Based on the models developed above, a formulation of material removal as a coupling function of down pressure, abrasive size distribution, wafer-pad contact area, slurry chemicals, and other consumable parameters can be developed as follows b ϭ 0 and H w ϭ H w1 when M RR Ͻ GR 1 and b Ͼ 0 and H w ϭ H w2 when M RR Ͼ GR 1 where C is the abrasive weight concentration, P 0 is the down pressure, b, a parameter representing the contribution of passivation rate; H w1 , the hardness of the upper layer; and H w2 , the hardness of the bottom layer, x avg , the average size of the abrasives; , the standard deviation of the abrasive size distribution; C 3 , a parameter representing the pad topography and pad materials k, a coefficient to represent the effects of other consumable parameters ͑for details on k, the readers are referred to Ref. 1͒ and ⌽ is the normal distribution function of the abrasive size which is introduced to accommodate the abrasive-pad interaction. There are two regions of material removal based on Eq. 1. When the material removal is smaller than the generation rate of the upper layer, the material removed is the upper softer layer, and therefore, the parameter b representing the chemical contribution is equal to zero, and H w ϭ H w1 , the hardness of the upper layer. When the material removal is larger than the generation rate, the parameter b representing the chemical contribution is larger than zero, and H w ϭ H w2 , the hardness of the bottom layer.
Down pressure dependency of material removal rate.-Usually the material removal falls in the second region where the material removal is larger than the generation rate of the upper layer and chemical passivation rate contributes to the material removal. Based on Eq. 1, the down pressure dependency of the material removal rate can be written as
where
and
If a polynomial function is used to approximate Eq. 2, h 2 determines the order of the polynomial function, while h 1 does not. This indi- cates that the nature of the pressure dependency curve and the sensitivity of material removal on down pressure is determined by h 2 , which is a function of the pad material, pad topography, and abrasive size distribution based on the abrasive-pad interactions. The above equation was verified by experimental data from the following three aspects: ͑i͒ the correlation between Eq. 2 and the experimental down pressure dependence; (ii) the dependence of h 2 in Eq. 2 on polishing pads and abrasives, as indicated by Eq. 4, and (iii) the independence of h 2 on slurry chemicals. Jairath et al. 13 did silica CMP experiments using three different abrasives, keeping other parameters including slurry chemicals the same. Figure 7 shows good correlation between the model predictions and experimental results. 3 An apparent change of h 2 is observed with the abrasives. The down pressure dependence of material removal using two different polishing pads ͑one grooved IC1000 pad and the other a perforated IC1000 pad͒ and two different slurry abrasives ͑one colloidal abrasives and the other fumed abrasives͒ has been investigated by Clark et al. 14 Again, the model prediction correlates with the experimental results quite well, Fig. 8a and b . 3 It is found that h 2 changes apparently with the polishing pads and abrasives. This is reasonable considering that h 2 is a function of abrasive-size distribution, pad materials, and pad topography. Moreover, it is found in Fig. 8a that when using colloidal abrasives, the ratio of h 2 for the two different polishing pads is 2. This ratio does not change for fumed abrasives using the same two polishing pads, Fig. 8b . This implies the correctness that h 2 was a product of the C 3 , a parameter related to pad topography and pad material, and ͓(x avg ϩ 3)/͔, the abrasive-size distribution, as described by Eq. 4. The passivation of dominant copper CMP was done by Ramarajan and Babu 15 using different chemicals. It is seen from Fig. 9 that the model correlates with the experimental results quite well and all h 2 ϭ 0.24 does not change with the slurry chemicals. This agrees with the conclusion that h 2 is independent of the chemicals.
From experimental data, it is seen that in the range of the down pressures in the experiments, the pressure dependency of material removal can be approximated by a linear relationship
where M RR 0 is the intercept of the linear line with the M RR axis and K pe , its slope. This is the famous experimental Preston's equation. Based on the model, the M RR 0 and Preston's coefficient K pe are functions of consumable parameters h 1 and h 2 in Eq. 3 and 4. A change of the M RR 0 and K pe implies a change of the consumable parameters.
Abrasive size distribution dependency of material removal rate.-The material removal rate Eq. 1 can be written as a function of abrasive size distribution as well 
Nonuniformity in CMP and Its Optimization
The nonuniformity in CMP is an issue associated with the nonuniform material removal over the wafer surface due to the uneven distribution of pressure times velocity over the surface. Basically, two kinds of nonuniformities ͑NU͒ exist in the CMP process, one is on the wafer scale, or namely the within wafer nonuniformity ͑WI-WNU͒, the other is on the die scale, or namely the within die nonuniformity ͑WIDNU͒ and pattern density effect. The WIWNU is related to the elastic deformation of the polishing pad and the velocity distribution over the wafer-pad interface. The WIDNU is related to the pressure distribution over the different density area.
The nonuniformity of the material removal rate can be expressed as follows once the maximum, minimum, and average material removal rate M RR max , M RR min , and M RR avg over the wafer surface is known
Assuming the velocity distribution is even, then substitution of Preston's Eq. 5 of material removal rate into Eq. 6 yields
From Eq. 7 there are basically two methods to reduce NU. One is to reduce the nonuniformity of the pressure distribution, or reduce the value of P 0 max Ϫ P 0 min in Eq. 7. For WIWNU, this can be realized through the optimization of polishing head and platen design. Numerical methods including the finite element method ͑FEM͒ and boundary element method ͑BEM͒ may be used to analyze the pressure distribution over the wafer-pad interface. Especially, for the pressure distribution analysis of ultrathin structures met in waferscale modeling, BEM is advantageous over FEM. [16] [17] [18] Based on a similar idea, adding dummy patterns in the low-density area may help to reduce the pressure difference and therefore the NU in the die level. Algorithms have been developed by Kahng et al., 19 Tie et al., 20 and Chen et al. 21 to optimize WIDNU by adding optimal dummy patterns. This method is straightforward. However, eventually adding the dummy features in the die level will create circuit performance difficulties, due to extra parasitic capacitance and other factors.
An alternative method, based on Eq. 7, is to reduce the sensitivity of the material removal rate on the pressure distribution by changing Preston's coefficient K pe and M RR 0 . This idea can be shown schematically in Fig. 10 . Lines 1, 2, and 3 represent Preston's Eq. 5 under three different consumable recipes. Suppose that the average down pressure over the wafer surface is P avg , the maximum pressure is P max , and the minimum pressure in P min , and this pressure distribution does not change with the consumable recipes. Then, apparently, using Eq. 7, the nonuniformity is smaller under recipes 1 and 3 than that under recipe 2. Based on the same idea, from Fig. 8 , it can be predicted that the NU is smaller when using a grooved polishing pad than that when using a perforated polishing pad, if the down pressure distribution does not change. Optimization of NU with these two approaches can be shown schematically in Fig. 11 . A similar method to optimize the planarity efficiency and other outputs from the viewpoint of down pressure dependency may be attempted in the future. Figure 10 shows the possibility for improving the NU through the adjustment of K p and M RR 0 . The advantage of this method is that there is no need to alter the equipment or pattern design and no extra circuit performance difficulties exist with dummy structures.
Changing K pe and M RR 0 in Eq. 5 actually requires the change of h 1 and h 2 in Eq. 2. Substitution of the material removal rate, Eq. 2, into nonuniformity Eq. 6 yields It is seen from Eq. 8 that only parameters related to h 2 influences the NU. These include: pad material, pad topography, and abrasive size distribution. This indicates that in Fig. 9 for copper CMP using different chemicals, the material removal rate changes, but NU is unchanged for three different chemicals and DI water. In most cases, it can be found that NU improves with a smaller h 2 . This can be seen from Fig. 7 and 8 where, using Eq. 7, the smaller h 2 could yield smaller NU with the same pressure distributions. The change of chemicals, with no changes on h 2 , Fig. 9 , however, does not yield NU improvements. Ideally, the production rate should not be sacrificed for an improvement of NU. Therefore, the average material removal rate should be increased or kept unchanged after the NU improvement. ͑This means a change of the consumable recipe from 3 to 1 in Fig. 2 is undesirable even with a NU improvement.͒ An increase of h 1 can lead to a larger average material removal rate. However, it is worth noting that a mathematical analysis of Eq. 6 and 8 reveals that the minimum NU that can be realized by changing h 2 ͑or optimizing consumable parameters͒ is 0.5( P max Ϫ P min )/P avg ϫ 100%, if M RR avg remains unchanged. When increasing M RR avg , the minimum NU that can be realized is even larger.
Based on the above discussions, a three-step process can be used to improve NU as follows:
1. Optimize the consumable parameters including pad topography, pad material, and abrasive size to decrease the value of h 2 until the NU requirement is satisfied.
2. Check the average material removal rate. If it is not smaller than that before the adjustment, the optimization is successful.
3. If the average removal rate after the adjustment becomes smaller, increase the density of slurry, dilution ratio, slurry abrasive weight concentration, slurry oxidizer concentration, relative velocity, and other parameters, which should not negatively influence the already improved NU, to increase the material removal rate.
Increasing the density of slurry, dilution ratio of slurry, slurry abrasive concentration, and slurry chemical concentration in step 3 above, however, implies a more expensive process. This may be undesirable from the viewpoint of cost of ownership ͑CoO͒. The pad topography, pad material, and abrasive size distribution influence the NU (h 2 ) and material removal rate (M RR) simultaneously. Therefore, by selecting proper pad topography and abrasive-size distribution parameters, an optimization may be realized without step 3, and Figure 12 . Basic process flow of the micromolding technology. this leads to lower costs. The effects of pad topography, pad materials, and abrasive-size distribution in both M RR and NU imply that it is critical to keep them constant to realize a reproducible and controllable CMP process. Possible methods or directions for the precise control and design of pad topography and abrasive size for CMP optimization are addressed in the following section.
Potential Applications
Control and design of the pad topography.-An interesting research topic, which makes use of the model in a quantitative way, is the precise design and control of the pad topography using micromolding technology. Micromolding technology is usually used to fabricate the microscale features of plastic materials. The basic process flow of the micromolding technology is shown in Fig. 12 . A mold with microholes is fabricated using microfabrication technology including dry/wet etching and microdrilling. The feature size of holes can be as small as 10-100 m if the aspect ratios of the holes are not too large. Polymer materials, such as those used for pads, are injected into the mold and microfeatures of the silicon mold are replicated as the topography of the pad. Figure 13a and b show topographies fabricated using three-dimensional ͑3D͒ microfabrication technology. 22 Figure 13c and d show topographies fabricated using microdrilling and microinjection molding with a feature size of 100 m. The four parameters describing the pad topography, including asperity grid density D SUM , asperity tip radius R, asperity height l, and area of asperity cross section a, can be controlled precisely and readily, using this micromolding technology. Based on the model, increasing the grid density D SUM may lead simultaneously to a larger M RR and smaller NU. Figure 13e shows the topography with flat asperity tips fabricated using direct cast technology 23 with a similar micromolding idea. The feature size is around 100 m as well. Experimental work to fabricate and test the optimized pad topography is underway. 23 Control and design of abrasive size and size distribution.-Based on a similar idea, the abrasive size and size distribution can be used to control the values of h 2 and h 1 , and therefore the NU and M RR simultaneously. Figure 14 shows the relationship between the standard size deviation and the material removal rate for five abrasive mean sizes. It is found that for each size, a determining value of standard deviation exists, defining two regions of performance. On the right side of this value, the material removal rate increases with the standard deviation. On the left side, the material removal rate decreases with the standard deviation. The right region is called the size dominant region, since on this side, the average size of the active abrasives ͑part 3 in Eq. 1͒ increases with the standard deviation, and the increase is much faster than the decrease of the active abrasive number ͑part 2 in Eq. 1͒. The left region is called the number dominant region, since in this region the decrease of the number of active abrasives is much faster than the increase of the active abrasive size. In normal cases, the standard deviation will fall in the size dominant region because it is quite difficult to manufacture fine abrasives with small standard deviations falling in the number dominant region. It is found that in the size dominant region, the value of h 2 decreases with the standard deviation. This implies that the NU and M RR may be improved simultaneously by increasing the standard deviation. Considering that the surface damage may increase with the standard deviation as well, an optimal standard deviation may be found based on the model.
Conclusions
In this paper, the framework of a comprehensive material removal model is discussed. Based on this model, controlling/ designing the consumable parameters is proposed which has the potential for minimizing the nonuniformity in CMP. This may be a better solution for the process optimization than the conventional method of adding dummy structures with the decrease of the feature size in ICs and higher requirements on the circuit performance. Two methods, one, the precise control and design of the pad topography, and the other, the precise control and design of the distribution of the slurry abrasive size, are proposed here to optimize CMP based on the developed material removal model.
